Design and implementation of effective climate change adaptation activities requires quantitative assessment of the impacts that are likely to occur without adaptation, as well as the fraction of impact that can be avoided through each activity. Here we present a quantitative framework inspired by the greenhouse gas stabilization wedges of Pacala and Socolow. In our proposed framework, the damage avoided by each adaptation activity creates an 'adaptation wedge' relative to the loss that would occur without that adaptation activity. We use premium winegrape suitability in the western United States as an illustrative case study, focusing on the near-term period that covers the years 2000-39. We find that the projected warming over this period results in the loss of suitable winegrape area throughout much of California, including most counties in the high-value North Coast and Central Coast regions. However, in quantifying adaptation wedges for individual high-value counties, we find that a large adaptation wedge can be captured by increasing the severe heat tolerance, including elimination of the 50% loss projected by the end of the 2030-9 period in the North Coast region, and reduction of the projected loss in the Central Coast region from 30% to less than 15%. Increased severe heat tolerance can capture an even larger adaptation wedge in the Pacific Northwest, including conversion of a projected loss of more than 30% in the Columbia Valley region of Washington to a projected gain of more than 150%. We also find that warming projected over the near-term decades has the potential to alter the quality of winegrapes produced in the western US, and we discuss potential actions that could create adaptation wedges given these potential changes in quality. While the present effort represents an initial exploration of one aspect of one industry, the climate adaptation wedge framework could be used to quantitatively evaluate the opportunities and limits of climate adaptation within and across a broad range of natural and human systems.
Introduction
Although governments continue to consider policies to constrain the level of greenhouse gas (GHG) concentrations in the atmosphere (e.g., [1, 2] ), it is becoming increasingly clear that some adaptation to climate change will be required in the coming decades. The expected need for adaptation arises in part from the recognition that inertia in the climate system is likely to create continued climate change after GHG stabilization (e.g., [3] [4] [5] [6] ). Further, policy negotiations are focused on GHG levels that guarantee further global warming (e.g., [1, 2, 7] ). While these targets are relatively moderate compared to unconstrained warming [8] , they are not likely to avoid high-impact regional and local climate change [9] [10] [11] .
Climate adaptation activities can be passive or active [12, 13] . Passive adaptation activities include stimulating economic growth (e.g., [13, 14] ). Active adaptation activities include building general resilience to environmental stress [15] (such as strengthening social networks [16, 17] or liberalizing trade policies [18] ), optimizing institutions and practices for anticipated changes in climate [12] (such as altering water-resource-management or seed-breeding strategies), and creating novel climate-targeted institutions and practices (such as the UNFCCC Adaptation Fund [19] and associated entities [20, 21] ).
Design and implementation of effective adaptation activities requires quantification of the possible impacts of climate change, and the sensitivity of those impacts to different adaptation activities. The damage avoided by each activity creates a 'wedge' relative to the loss that would occur without that activity (figure 1). These wedges are analogous to the GHG stabilization wedges of Pacala and Socolow [22] , and can be summed to quantify the total benefit relative to nonadapted impacts. The effects of various adaptation activities are likely to vary with changes in climatic and socioeconomic conditions [12, 13, [16] [17] [18] , and can be quantified within the context of unconstrained climate change, GHG mitigation policies, or the current climate (figure 1).
We use premium winegrape cultivation to illustrate the climate adaptation wedge framework. As summarized by White et al [23] , a number of features make premium wine a compelling study of potential climate change impacts, including broad and intense economic and cultural importance, extensive analyses of climate influence on winegrape productivity and quality, and reliance on a narrow climate envelope for the highest-value production. In addition, although wine quality is a product of terroir, which also includes important influences of geological substrate and cultural practice [24] , variations in climate within that narrow envelope strongly influence variations in wine quality and value (e.g., [23, 25] ). Further, winegrape physiology is sensitive to excessive occurrence of both severe heat and severe cold [23] , creating the potential for competing impacts from projected warming.
Here we evaluate temperature suitability in the western United States (US), with emphasis on the near-term period that covers the years 2000-39. Almost all of the US premium wine production and value are concentrated in the western US, with California accounting for 89.25% of the total US production, and Washington and Oregon ranking third and fourth in State production, respectively [26] . The California industry alone has substantial economic impact, including $51.8 billion and $125.3 billion on the California and US economies, respectively, in 2005 [27] .
The potential for relatively moderate mean warming over the near-term decades [8, 28] is of particular importance for the suitability of premium winegrape cultivation in the western US. On the one hand, the temperature regime in the highvalue areas of California is near optimal at present [25, 29] , so any substantive change in those areas could be expected to have negative consequences. Recent temperature changes have already impacted grapevine phenology and wine quality [25, 30, 31] , and further temperature changes are likely to occur over the next three decades [28] , including substantial intensification of severe hot events [9] . On the other hand, large areas of the western US are currently cold-limited, suggesting that warming could provide some benefit [30] , particularly if the positive effects of decreasing cold limitation outpace the negative effects of increasing hot limitation over the near-term decades.
The range of temperature tolerances exhibited at present, combined with the possibility of both positive and negative impacts of climate change, make premium winegrape cultivation an attractive testbed for the climate adaptation wedge framework. In this initial study, we explore that framework by quantifying the impacts of near-term warming on thermal suitability in the western US, and the sensitivity of those impacts to varying levels of temperature tolerance.
Methods

Climate model experiment
We employ a high-resolution nested climate model [32] in order to capture the spatial heterogeneity of temperature and temperature extremes that can be critical for premium winegrape suitability (e.g., [23, 25] ; table 1). We use the five-member RegCM3 ensemble experiment described in [9] , which covers the period from 1950 to 2039 in the SRES A1B emissions scenario [33] . The experiment uses the RegCM3 grid of [34] , which covers the full continental US with 25 km resolution in the horizontal, and is nested within five realizations of the NCAR CCSM3 atmosphere-ocean GCM [35] . The CCSM3 simulations are described in [36] .
We correct errors in the RegCM3-simulated temperatures using the quantile-based bias-correction method of Ashfaq et al [37, 38] . The method corrects the errors in each quantile of each of the calendar months, yielding a dailyscale maximum and minimum temperature time series that both preserves the simulated change in monthly-and dailyscale temperature at each grid point and substantially improves the RegCM3-simulated seasonal-and daily-scale temperature fields [37] . As in [37] , we apply the bias correction using the monthly-mean daily maximum and minimum observational temperature data from the PRISM project [39] . We first interpolate the RegCM3 and PRISM data to a common 1/8-degree geographical grid, and then perform the climate model 
Climate suitability for growing grapes for premium wine production
A number of approaches have been taken to assess the potential impacts of climate change on the premium wine industry in the US (e.g., [23, [40] [41] [42] ). We follow the temperature suitability screening of White et al [23] . These criteria are based on observed relationships between temperature and winegrape production, and are designed to identify the temperature suitability associated with the upper quartile of price within a given category. The screening is based on the growing degree day (GDD) criteria of Winkler [43, 44] , combined with additional seasonal-and daily-scale threshold criteria, as summarized in table 2. A grid point that meets all temperature criteria during a given year is determined to be thermally suitable for growing grapes for premium wine production during that year. We note that this approach is an approximation based on empirical relationships with temperature, and that certain varietals and management strategies will allow for premium wine production outside of these bounds [24] . The Winkler GDD summation provides both a broad temperature suitability criterion and quantification of the suitability for different grape varietals and wine styles within that broad criterion. Using GDD above 10
• C, Winkler et al [43] defined five classes of viticultural suitability based upon the style and quality of wine that could be produced in a given climate. In Region I climates (1111-1390 GDD), early ripening varieties achieve high quality. For Region II (1391-1670 GDD), most early and mid-season table wine varieties will produce good quality wines with light to medium body and good balance. Region III (1671-1950 GDD) is a favorable climate for high production of standard to good quality full-bodied dry to sweet table wines. Region IV (1951-2220 GDD) is favorable for high production, but table [23] .) In addition, the recent re-analysis of GDD over the western US by Jones et al [29] identified the upper and lower thresholds for Winkler regions I and V, which were not previously defined [43] . We therefore also allow for a Winkler Ia class that varies from 850 to 1110 GDD (which corresponds to hybrid and very early cool climate varieties), and a Winkler Va class that varies from 2500 to 2700 GDD. Temperature change over the near-term decades could create adaptation pressure by causing a given location to move from one Winkler category to another. In addition, temperature change could alter the frequency with which the other temperature screening thresholds (table 2) are exceeded in a given location. Because warming would be expected to increase the pressure from hot limits and decrease the pressure from cold limits, we test the potential for increased tolerance of hot conditions to reduce the loss of suitable area. For the growing season temperature criterion, we first test the upper limit of 20
• C used by White et al [23] . In addition, Jones et al [29] identified a hot limit of 21
• C for premium wines in the region, and established that the range of 21-24
• C is currently associated with bulk wine, table grapes and raisins [29] . We therefore also allow for extended upper limits of 21 and 22
• C in order to test the possible need for adaptation at and above the current growing season hot threshold. Similarly, given the strong sensitivity to severe heat found in the study of White et al [23] , and the recognition that different areas within the western US exhibit a range of severe heat tolerances at present ( 
Results
Here we focus on the States of California, Oregon and Washington, with particular emphasis on the high-value Central Coast, North Coast, Willamette Valley and Columbia Valley growing areas analyzed in the study of Jones and Goodrich [25] figure 2(a) ). Similarly, mean growing season temperature is projected to increase 0.6-1.7
• C in the Central Coast, 0.5-1.1
• C in the North Coast, 0.6-0.7
• C in the Willamette Valley, and 0.7-1.0
• C in the Columbia Valley ( figure 2(b) ). The number of growing season days with maximum temperature above 35
• C is projected to increase by up to 17.5 days in the Central Coast, up to 10 days in the North Coast, and up to 7.5 days in the Columbia Valley ( figure 2(h) ). Further, the number of spring (autumn) days with minimum temperature below −6.7
• C is projected to decrease by up to −6.0 (−5.0) days in the Columbia Valley (figures 2(f) and (g)).
The area that meets the GDD criterion but does not meet the severe temperature criterion is projected to increase in many counties in the 2030-9 period relative to the 2000-9 period (figure 3). For example, for a threshold of 15 days, up to 30% of the Winkler area in Santa Barbara County (Central Coast) is lost to severe hot days in the 2000-9 period ( figure 3(a) ), while up to 50% is lost in the 2030-9 period ( figure 3(f) ). However, the number of counties that exhibit enhanced loss of Winkler area in the 2030-9 period is greater with a severe hot threshold of 15 days than with a threshold of 45 days (figures 3(f)-(g)), and tolerance of 45 days eliminates most loss of Winkler area in the majority of counties in the Columbia Valley, Willamette Valley, North Coast and Central Coast regions (figures 3(a)-(g) ). Likewise, warming in the early 21st century increases the fraction of Winkler area that is lost to high mean growing season temperature in the North and Central Coast regions, including from 50% to 70% in Napa County (North Coast) and from 10% to 30% in Santa Barbara County (Central Coast) (figures 3(c) and 4(h)). Enhancing tolerance from 20 to 21
• C decreases the loss of Winkler area in both the 2000-9 and 2030-9 periods, and negates the warming-induced loss of Winkler area relative to a 20
• C baseline (figures 3(c), (d), (h) and (i)).
The sensitivity to temperature tolerance can be used to quantify a set of climate adaptation wedges for each county (figure 4). For illustrative purposes, we focus on four highvalue counties in the western US that represent a range of current climates (e.g., [25] ; table 1). In Santa Barbara County (Central Coast), increasing tolerance of maximum growing season temperature from 20 to 22
• C reduces the loss by the end of the 2030-9 period from more than 30% to less than 25%. A larger wedge can be captured by increasing the severe heat tolerance from 15 days to 30 days, thereby reducing the area loss to less than 15% by the end of the 2030-9 period, and creating a gain prior to the mid-2020s. Tolerance to both 30 days and 22 • C creates gains over the full near-term period, although the positive effect decreases from 25% in the 2000-9 period to 10% in the 2030-9 period. In Napa County (North Coast), increasing tolerance of maximum growing season temperature from 20 to 22
• C (with a severe heat tolerance of 15 days) has almost no affect on the area lost over the near-term decades, while increasing the tolerance of growing season hot days from 15 days to 30 days (with a growing season temperature tolerance of 20
• C) eliminates the loss by the end of the 2030-9 period. Tolerance of both 30 days and 22
• C creates a gain over the full near-term period, including more than 50% in the 2030-9 period. In Walla Walla County (Columbia Valley), tolerance of 30 days and 20
• C results in a gain of more than 150% in the 2030-9 period (compared with a loss of more than 30% for a tolerance of 15 days and 20
• C), while increasing tolerance to 22
• C provides no additional gain. Finally, warming over the nearterm decades results in a slight increase in area in Yamhill County (Willamette Valley) for tolerance of 15 days and 20
• C. Tolerance of 30 days increases the gain to more than 15% by the end of the 2030-9 period, although increasing tolerance to 45 days and/or 22
• C provides little additional benefit.
Discussion
Potential adaptation options
While it is not known whether the historical temperature relationships between temperature and wine quality will hold in a new climate, these relationships have been robust over many decades, including in the face of recent warming in the western US [25] . The potential changes in suitability in response to projected near-term warming therefore highlight the importance of societal ability to capitalize on adaptive capacity in existing systems, and to make longer-term changes that are optimized to a changing climate. Specific adaption strategies for growers/producers include planting in new locations, planting different varieties or clones, altering vineyard design and/or management, and adjusting winery processing [45] [46] [47] . For those that are able to consider new locations, areas that are higher in latitude, higher in elevation, and/or closer to the coast could potentially provide climates that would allow maintenance of style and quality [45] . For those that are not able to consider new locations, the relatively narrow climate suitability of each variety will likely cause even small changes in climate to require shifts to different varieties or newer, more heat tolerant clones of the same variety. Fortunately, Vitis vinifera has a wide genetic diversity that can enable such shifts [47] . However, within Vitis vinifera, there are few widely planted varieties that can produce quality wine in excessively warm climates [23] ( figure 3 ). The rate of climate change and/or the rate at which variations in environmental tolerance can be exploited may therefore impose adaptability limits, particularly in long-lived systems such as premium wine, for which the long time to maturity (1-2 decades) and in-place lifetime (3-5 decades or more) increase the investment and opportunity costs of changes in location or variety, as well as the potential loss should the actual climate change be different than anticipated [46] . . Area in four representative counties that is suitable in the full temperature suitability screening given varying maximum thresholds in the severe hot days and mean growing season temperature criteria. The temperature variables for the full suitability screening are described in table 2, and the representative counties are shown in figure 3 . The area is expressed as a percentage change from the baseline area, which is calculated for the 2000-9 period from the five-member ensemble using a tolerance of 15 growing season hot days and maximum growing season temperature of 20
• C. For each color, the dark line shows the 10 year running mean of percentage change across the ensemble for a pair of maximum thresholds in the severe hot days and mean growing season temperature criteria (e.g., 30 days during the growing season and mean growing season temperature of 20
• C), while the light field shows the difference in area from the adjacent maximum threshold pair (represented by the adjacent dark line). The severe hot days criterion is shown for three maximum thresholds: 15 days during the growing season, 30 days during the growing season, and 45 days during the growing season. The mean growing season temperature criterion is show for two maximum thresholds: mean growing season temperature of 20
• C and mean growing season temperature of 22
The adaptation wedge framework can help to quantify the adaptability gaps associated with these adaptability limits. For example, if-hypothetically-the maximum temperature tolerance that could be reached by growers in Santa Barbara County on a three-decade time horizon was 30 growing season hot days and maximum growing season temperature of 20
• C, then by the end of the 2030s there would still be a projected loss equaling approximately 10% of baseline area (figure 4). This 10% loss would represent the adaptability gap, which would either need to be closed by GHG mitigation actions, or incurred as a loss from climate change. The potential for both further warming [8, 28] and further adaptation as the century progresses means that such gaps could grow or shrink with time, depending on the system, location, and rate and magnitude of both climate change and adaptation activity.
In addition, even in the absence of adaptability limits, adaptation to a new climate regime may have important impacts on quality and/or value that are at least partially independent of changes in total producible area. For example, although Napa County exhibits very little change in total Winkler suitability over the near-term decades (figure 5), substantial losses are projected in the high-quality Region III class. These projected losses are compensated by projected gains in the low-quality hot Region V and Va classes, suggesting a decrease in the overall quality and value of the producible area. Likewise, in Santa Barbara county, substantial losses in the Region II and III classes are compensated by gains in the warm Region IV class and hot Region V class, while in Walla Walla County, substantial losses in the Region II class are offset by gains in the intermediate-to-warm Region III and IV classes. In contrast, in Yamhill County, losses in the very cool Region Ia class are offset by gains in the higher-quality Region II class, suggesting an increase in the overall quality and value of the producible area.
Adaptation options in response to these more subtle changes in temperature suitability are likely to vary depending on the local baseline climate. Near-term warming would provide the widest adaptation wedge for marginally cool areas, where more consistent vintage-to-vintage ripening, higherquality potential, and a wider range of varieties could be realized. Alternatively, for areas that are already near the warm limit of temperature suitability, there are few largescale adaptation measures that would ameliorate the pressure toward lower-quality, bulk wine production. For areas with intermediate climates, the adaptive capacity depends upon the nuances of the current suitability. For example, a wine producing area with a warm Region II climate at present would likely require relatively complex adaptation measures (e.g., new varieties and/or changes in vineyard structure). In contrast, a wine producing area with a cool Region II climate would have a wide range of relatively accessible adaptation measures that could maintain similar quality levels in the face of near-term warming (e.g., vine management).
The potential for adaptation actions that do not require changes in location and/or varieties highlights the importance of adaptation wedges that are associated with cultural practice. Indeed, for relatively small temperature changes, growers have tremendous adaptive capacity through alterations to the trellising system (to shade the vines through larger canopies), pruning style and timing (to increase the size of the canopy and/or delay growth), row orientation (to increase fruit protection from heat and/or sunburn), and irrigation management (if sufficient water is available). In addition, some adaptive capacity can also be realized in the winery, where greater control over fermentation, alcohol removal, and the ability to acidulate can-to some degree-maintain a current style and quality benchmark in response to changing winegrape quality. Further, there may also be adaptation potential through changes in marketing, which can strongly influence the public's perception of 'quality wine' [48] [49] [50] [51] . However, although these marketing effects can strongly influence overall wine consumption (e.g., [49, 50] ), the present climatic constraints of premium winegrape cultivation suggest that there are limits to the ability of marketing to offset changes in winegrape quality, particularly given that consumers are accustomed to particular traits of particular varietals. For example, pinot noir styles are presently enjoyed over a narrow range of delicate, finesse styles, and changes toward 'bigger and bolder' styles that might be expected to come from a warmer climate would fall well outside of what consumers have come to expect from that varietal.
The potential adaptation actions available to growers, producers and marketers would require different scales of investment, with changes in location, plantings (varieties or clones), and vineyard infrastructure (row orientation) having the greatest financial impacts due to development costs and the time required to reach sustainable production levels. Further, decisions to adapt to climatic changes through growing, production or marketing practices will necessarily require a recognition of the nature of the impacts of climate change on the fruit that is produced, whether in advance of or in response to those impacts manifesting in the field.
Climate model uncertainties
The uncertainty in regional climate change is often partitioned into contributions from internal climate system variability, radiative forcing scenario, and climate model formulation (e.g., [52] [53] [54] ). Although climate models show robust nearterm warming over the western US [9, 28, 54] , there is some spread across those projections (e.g., [28] ). Given that model formulation dominates this spread [52] , interpretations of our analysis are limited by the use of a single highresolution modeling system. However, because fine-scale climate processes can determine the magnitude and spatial variability of high-impact climate change (e.g., [23, 34, 55] ), higher resolution is required than is available in the current generation of global climate models. Given the paucity of high-resolution near-term ensemble experiments in the literature [9] , further probing of the uncertainty domain will require enhanced investment in such experiments.
Indeed, although our high-resolution model is able to capture the spatial details of temperature in the western US with far more fidelity than the current generation of global climate models [9] , the 25 km horizontal resolution is not sufficient to capture all of the microclimatic features that determine temperature suitability, even with bias correction to 1/8-degree resolution. An area of particular concern is the dynamics governing changes in the land-sea breeze and coastal fog, which can ameliorate severely hot temperatures but also lower heat accumulation and increase disease pressure. Twentieth century trends toward increasing strength of coastal winds [56] and cooler coastal temperatures [57] are in agreement with the projection that elevated greenhouse forcing could enhance the land-sea temperature contrast and associated coastal winds [56, 58, 59] . While our highresolution nested climate model captures those regionalscale atmospheric processes [60] , resolving the dynamic response of the land-sea breeze and coastal fog formation will likely require ultra-high-resolution non-hydrostatic modeling systems with coupled high-resolution ocean components, particularly given the complexity of processes influencing coastal sea surface temperatures (e.g., [61] [62] [63] ).
Conclusions
We present an initial case study of the climate adaptation wedge framework. This case study is focused on one aspect (temperature suitability) of one climate-sensitive system (premium wine production). However, a number of enhancements could enable greater sophistication and complexity within the wedge framework. For instance, process-based impacts models could be used in place of screening criteria. In addition, adaptation wedges could be quantified across a number of domains, as in the case of food systems, which could require wedges associated with heat tolerance (e.g., [10, 64] ), irrigation infrastructure [65] , trade policy [18] , and distribution [66] , among others. Further, formal economic analyses could be applied within the wedge framework to quantitatively integrate the costs and benefits of different adaptation actions. Such analyses could include comparisons of local and economy-wide considerations, along with changes in costs and benefits through time and in response to different mitigation and/or adaptation policies.
Our initial treatment illustrates how climate adaptation wedges can enable quantitative analysis of different adaptation targets within the present and future climate. While this effort represents an initial exploration of one aspect of one industry, with sufficient sophistication the climate adaptation wedge framework could be used to quantitatively evaluate the opportunities and limits of climate adaptation within and across a broad range of natural and human systems.
